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$f= \rho|_{\frac{\partial v}{\partial t}+()}v\cdot\nabla v|=-\nabla P+\eta\nabla^{2}v+(\zeta+\frac{\eta}{3})\nabla\nabla\cdot v$
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$\rho T[\frac{\partial S}{\partial t}+(v\cdot\nabla)s]=\nabla\cdot(\kappa_{\wedge}\nabla T)+\frac{\eta}{2}(\frac{\partial v_{i}}{\partial x_{j}}+\frac{\partial v_{j}}{\partial x_{i}}-\frac{2}{3}\delta_{i}j\frac{\partial v_{l}}{\partial x_{l}}.)^{2}+\zeta(\nabla\cdot v)^{2}$
$P=P(\rho, S)$ , $S=S(P, T)$
(3)
(4)
. , $\rho$ , $v$ , $P$ , $T$ , $S$ ,
$\eta$
$\zeta$ , , $\kappa$ , . (2)




$P=P0+p$ , $\rho=\rho_{0}+\rho’$ (5)
, $|p|<<P_{0},$ $|\rho’|\ll\rho 0$ ,
$\frac{|p|}{P_{\cap}}\sim\frac{|\rho’|}{O\mathrm{n}}\sim\frac{|v|}{C\mathrm{n}}(=M)\ll 1$ (6)
. , $|$ $|$ . ,

















(7) $\sim(9)$ 1 , . ,





) , $\delta=\sqrt{2_{\mathcal{U}}/\omega}$ ,
. , $10^{-6}\mathrm{m}^{2}/\mathrm{s}$ , $100\mathrm{k}\mathrm{H}_{\mathrm{Z}}$
$2\mu \mathrm{m}$ , 1. $5\mathrm{c}\mathrm{m}$




$\nabla^{2}p-\frac{1}{c_{0^{2}}}(1-\frac{b}{\rho_{0}c_{0^{2}}}\frac{\partial}{\partial t})\frac{\partial^{2}p}{\partial t^{2}}=-\frac{\beta}{\rho_{0^{C}0^{4}}}\frac{\partial^{2}p^{2}}{\partial t^{2}}-\nabla^{2}\mathcal{L}-\frac{1}{c_{0^{2}}}\frac{\partial^{2}\mathcal{L}}{\partial t^{2}}$ (10)
$\text{ _{ }}$ . , $b=\zeta+4\eta/3+\kappa(1/C_{\mathrm{V}}-1/C_{\mathrm{P}})$
, $\beta=1+(\partial^{2}P/\partial\rho^{2})_{S}/\rho_{0}c_{0^{2}}$ ,
(nonlinearity parameter) . , (10) $\mathcal{L}$ ,
$e_{\mathrm{k}}=\rho 0v\cdot v/2$ $e_{\mathrm{p}}=p^{2}/2\rho_{0^{C}}02$
(Lagrangian density)
$\mathcal{L}=e_{\mathrm{k}}-e_{\mathrm{p}}$ (11)
. , , , $e_{\mathrm{k}}\simeq e_{\mathrm{p}}$ ,
, $\mathcal{L}\simeq 0$ . $z$ ,
$t’=t- \frac{z}{c_{0}}$ (12)
, (10) . , $P$
$\nabla_{\perp p+}^{2}\frac{\partial^{2}p}{\partial z^{2}}-\frac{2}{c_{0}}\frac{\partial^{2}p}{\partial z\partial t^{J}}+\frac{b}{\rho_{0}c_{0^{4}}}\frac{\partial^{3}p}{\partial t^{3}},=-\frac{\beta}{\rho_{0}c_{0^{4}}}\frac{\partial^{2}p^{2}}{\partial t^{2}}$, (13)
. , $\nabla_{\perp}^{2}=\partial^{2}/\partial x^{2}+\partial^{2}/\partial y^{2}$ 2
. $\mathcal{L}\simeq 0$ , , $\partial^{2}p/\partial z^{2}$
(13) , .
$\nabla_{\perp}^{2}p-\frac{2}{c_{0}}\frac{\partial^{2}p}{\partial z\partial t^{;}}+\frac{b}{\rho_{0}c_{0}^{4}}\frac{\partial^{3}p}{\partial t^{3}},=-\frac{\beta}{\rho_{0}c_{0^{4}}}\frac{\partial^{2}p^{2}}{\partial t^{2}}$, (14)
KZK ( $\mathrm{K}\mathrm{h}_{0}\mathrm{k}\mathrm{h}\mathrm{l}\mathrm{o}\mathrm{V}- \mathrm{Z}\mathrm{a}\mathrm{b}_{\mathrm{o}\mathrm{l}\mathrm{o}\mathrm{t}}\mathrm{s}\mathrm{k}\mathrm{a}\mathrm{y}\mathrm{a}-\mathrm{K}\mathrm{u}\mathrm{z}\mathrm{n}\mathrm{e}\mathrm{t}_{\mathrm{S}\mathrm{o}}\mathrm{v}$ equa-
tion) . (14) , 1 , , 3
, , . KZK
3
, (13) $z$ 2 ,
– . , ,
, ,
5).
$\nabla_{\perp}^{2}p$ , $t’$ 1$\cdot$
$\frac{\partial p}{\partial z}-\frac{b}{2\rho_{0^{C_{0^{3}}}}}\frac{\partial^{2}p}{\partial t^{2}},=\frac{\beta}{2\rho_{0^{C_{0^{3}}}}}\frac{\partial p^{2}}{\partial t^{J}}$ (15)
. (Burgers’ equation) , KZK
. KZK , ,










slow mode , $v_{0}(\epsilon t, r)$ ,
, fast mode $v_{\mathrm{a}}(t, r)$ ,
$v=v_{0}+v_{\mathrm{a}}$ (16)
. , I 1 $r$ , . fast mode
( – )






, $U$ , $\rho_{0}U=\overline{\rho v}$ , . ,
, ,
, , $U$ $6$ ), $7$). ,
(intensity) $I=pv_{\mathrm{a}}=c_{0^{2;_{v_{\mathrm{a}}}}}\rho$ , $U=v_{0}+\overline{I}/\rho 0^{c_{0^{2}}}$ .
, $\overline{I}/\rho_{0}c_{0^{2}}$ $U$ 2\sim 3 ,
$U\simeq v_{0}$ .
(16) (8) , , .
$\overline{f}=\rho_{0}\frac{\partial v_{0}}{\partial t}+\rho 0(v0^{\cdot}\nabla)v0-\rho_{0}F=-\nabla\overline{p}+(\zeta+\frac{4}{3}\eta \mathrm{I}^{\nabla\nabla}\cdot v_{0}-\eta\nabla \mathrm{X}\nabla\cross v_{0}$ (20)
, $F$ ,
$F=- \frac{\emptyset}{\rho_{0}}\frac{\overline\partial v_{a}}{\partial t}-\overline{(va.\nabla)va}$ (21)
. (20) $F$ ,
. (21) 1
$\overline{\frac{\rho’}{\rho_{0}}\frac{\partial v_{a}}{\partial t}}=-\frac{1}{\rho_{0}}\frac{\overline\partial\beta}{\partial t}v_{a}=\overline{v_{a}\nabla\cdot v_{a}}$ (22)
, , . - , (21)
2
$\overline{(v_{a}\cdot\nabla)v_{a}}=\overline{v_{a}\cross(\nabla \mathrm{X}v_{a})}-\frac{1}{2}\nabla(\overline{v_{a}\cdot v_{a}})$ (23)
, .
, (18), (20), , (21) .
3.1
, $U$
. $\overline{I}/\rho_{0}c_{0^{2}}\ll U$ , $v_{0}\simeq U$ , $v_{0}$




(rotational ) . , Eckart
$\nabla\cdot v_{0}=0$




. , $\nabla\cdot v_{0}=0$ ,
, . (24)
$\frac{\partial}{\partial t}\nabla\cross v_{0}+\nabla \mathrm{X}(v_{0}\cdot\nabla v\mathrm{o})=\nu\nabla^{2}\nabla \mathrm{x}v_{0}+\nabla\cross F$ (25)
. , $\nabla\cross\nabla\overline{\mathcal{L}}\equiv 0$ .
$F$ , ,
.









. , Eckart .







. , $\langle$ ,
. , Schlichting , Eckart
.
Schlichting , $\langle$ , , (24)
1, 2 , (21) $\sim(23)$
$\nabla\cdot v_{0}=0$




















, , $\mathrm{A},$ $\mathrm{B}$ . $P$
, ,
. , $\mathrm{A},$ $\mathrm{B}$
, , . - ,
,
, .




, $F$ (24) , 2
. 1 $(\mathrm{i}/\rho 0)\nabla\overline{\mathcal{L}}$ $l$
, ,
/\rho 0 $c_{0}l$ . 2 $(b/\rho_{0}c340)\overline{p\nabla(\partial p/\partial t)}\simeq 2\alpha\overline{I}/\rho 0^{c}0$






, , $v_{0}$ . ,
(20) (24)
$\nabla\overline{p}=-\nabla\overline{\mathcal{L}}$ (30)
, $\overline{p}=-\overline{\mathcal{L}}+C$ ( $C$ ) , (29) ,
,
$F_{0}= \int\int_{S_{0}}\overline{\mathcal{L}}ndS=\int\int_{S_{0}}(\overline{e\mathrm{k}}^{-\overline{e_{\mathrm{P}}}})nds$ (31)
. , $C$ $\int\int_{S_{0}}ndS\equiv 0$ . , $F_{0}$
, .




, . , ,
( ) .
, $10$), $11$ ).
$v_{a}$ $S(t)$ , $S_{1}$ , $S_{1}$ S(
$V(t)$ . , $f$ , $S_{1}arrow S_{0}(S_{0}$
$\overline{S(t)}$) . (31)
$F_{0}= \int\int_{S(t)}\tilde{\sigma}\cdot nds$ (32)





, $\overline{\tilde{\sigma}}=-\overline{p}\tilde{I}$ , , $\overline{p}=-\overline{\mathcal{L}}$
$F_{0}= \iint_{S_{0}}\{\overline{\mathcal{L}}n-\rho 0\overline{v_{\mathrm{a}}(v_{\mathrm{a}}\cdot n)}\}ds$ (34)
. , (Langevin) Yosioka and Kawasima
13) . , $\overline{p}=$ - ,
(20) $\sim(23)$ $\overline{P}$ , , .
8
Doinikov ,
. , $\langle$ , $ka\ll 1$ ( $k$ , $a$ )
, 11). , King
Yosioka and Kawasima 13),14)( ) , (leading term)










, . – , - ,
, $-$ ,
. ,
( , , ). ,
.
1) $\mathrm{L}.\mathrm{D}$ .Rozenberg: High-intensity Ultrasonic Fields (Plenum, New York, 1971).
2) $\mathrm{O}.\mathrm{V}$.Rudenko and $\mathrm{S}.\mathrm{I}$ .Soluyan : Theoretical Foundations of Nonlinear Acoustics (Plenum,
New York, 1977).
3) $\mathrm{B}.\mathrm{K}$ .Novikov, $\mathrm{O}.\mathrm{V}$.Rudenko, and $\mathrm{V}.\mathrm{I}$ .Timoshenko: Nonlinear Underwater Acoustics (AIP,
New York, 1987).
4) , , $\mathrm{J}.\mathrm{N}.\mathrm{T}\mathrm{j}\emptyset\iota \mathrm{t}\mathrm{a}$ and $\mathrm{S}.\mathrm{T}\mathrm{j}\emptyset \mathrm{t}\mathrm{t}\mathrm{a}$ : Nonlinear Equations of
Acoustics, Proc. of 12th ISNA, edited by $\mathrm{M}.\mathrm{F}$ .Hamilton and $\mathrm{D}.\mathrm{T}$ .Blackstock, (Elsevier,
London, 1990), 80-97.
5) : ( , 1996).
6) $\mathrm{W}.\mathrm{L}$ .Nyborg: Acoustic Streaming, Pysical Acoustics, Vol.IIB (Academic, New York, 1965).
7) Sir J.Lighthill: Acoustic streaming, J. Sound&Vib. 61 (1978) 394-418.
9
8) K.Matsuda, T.Kamakura, and Y.Kumamoto : Buildup of acoustic streaming in focused
beams, Ultrasonics 34 (1996) 763-765.
9) $\mathrm{W}.\mathrm{L}$ .Nyborg : Acoustic microstreaming within a gas-filled bubble, J.Acoust.Soc.Am., 96,
Pt.2 (1994) 3279.
10) : – , 52 (1996) 187-194.
11) $\mathrm{A}.\mathrm{A}$ .Doinikov: Acoustic radiation pressure on a rigid sphere in a viscous fluid, Proc.R.Soc.Lond.
A 447 (1994) 447-466.
12) , : , 96-93 (1997).
13) K.Yosioka and Y.Kawasima: Acoustic radiation pressure on a compressible sphere, ACUS-
TICA 5 (1955) 167-173.
14) $\mathrm{L}.\mathrm{V}$.King : On the radiation pressure on spheres, Proc. R.Soc Lond. A 147 (1934)
212-240.
15) : , 52 (1996)
203-209.
10
